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The effect of single amino acid substitutions associated with the Italian
(E22K), Arctic (E22G), Dutch (E22Q) and Iowa (D23N) familial forms of
Alzheimer's disease and cerebral amyloid angiopathy on the structure of the
21–30 fragment of the Alzheimer amyloid β-protein (Aβ) is investigated by
replica-exchange molecular dynamics simulations. The 21–30 segment has
been shown in our earlier work to adopt a bend structure in solution that
may serve as the folding nucleation site for Aβ. Our simulations reveal that
the 24–28 bend motif is retained in all E22 mutants, suggesting that
mutations involving residue E22 may not affect the structure of the folding
nucleation site of Aβ. Enhanced aggregation inAβwith familial Alzheimer's
disease substitutions may result from the depletion of the E22–K28 salt
bridge, which destabilizes the bend structure. Alternately, the E22mutations
may affect longer-range interactions outside the 21–30 segment that can
impact the aggregation ofAβ. Substituting at residueD23, on the other hand,
leads to the formation of a turn rather than a bend motif, implying that in
contrast to E22 mutants, the D23N mutant may affect monomer Aβ folding
and subsequent aggregation. Our simulations suggest that the mechanisms
by which E22 and D23 mutations affect the folding and aggregation of Aβ
are fundamentally different.
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Introduction

The self-assembly of the amyloid β-protein (Aβ)
into aggregates, ranging from small oligomers to
amyloid fibrils, is linked causally with Alzheimer's
disease (AD).1 Aβ is present in the brain in two
main alloforms, Aβ(1–40) and Aβ(1–42). While
most instances of AD are sporadic, a number of
familial forms of AD and the related amyloidosis
cerebral amyloid angiopathy have been identified
which lead to early onset and increased severity of
the disease. Interestingly, several familial forms of
AD are characterized by single amino acid muta-
tions at residues E22 or D23 of Aβ. These include the
Italian (E22K), Arctic (E22G), Dutch (E22Q), and
Iowa (D23N) familial mutants. Aβ(1–40) and Aβ(1–
42) variants containing these mutations have been
found to be more neurotoxic and to aggregate more
readily than the wild-type (WT) peptide in in vitro
experiments.2

The first step in aggregation involves the rearrange-
ment of the monomeric peptide into a conformation
facilitating self-assembly. Experimental studies as
well as fully atomic simulations on full-length Aβ
indicate that this peptide is mostly unstructured
in solution but bears some regions of structural
Fig. 1. Central C1 structures of Aβ(21–30)WT and
E22X mutants, WT C2 structure, and C1 structures of the
D23N mutant. The WT C1 structure is shown transpar-
ently in the background of each mutant. Side chains of the
mutated residue and of residue 23 are shown. For E22X
mutants, the bend region is highlighted in gray, and for
WT-C2 and D23N mutant, the hydrogen-bonded turn
region is highlighted in gray. Dotted lines denote key
hydrogen bonds.
order.3–5 To investigate further the regions that have
intrinsic structure in this peptide, we performed
limited proteolysis/mass spectrometry experiments
on full-length monomeric Aβ. Limited proteolysis
has been a useful technique for revealing domain
structure (resistant regions) in folded proteins.6–8

These experiments revealed a protease-resistant
segment comprising residues 21–30 (sequence
A21E22D23VGSNKGA30). In fact, NMR and molecu-
lar dynamics simulations of the Aβ(21–30) fragment
showed that this peptide adopts a stable bend
structure spanning residues 24–28 (see Fig. 1, top
panel). A bend/loop structure in the central part of
Aβ(21–30) was reported in many previous experi-
mental and theoretical papers.9–13 The same 24–28
bend structure was also seen in simulations of
monomeric Aβ fragments 12–28 (Ref. 14), 15–28
(Ref. 15), 10–35 (Refs. 16–19) and of the full-length
Aβ(1–40) and Aβ(1–42) peptides.5 Although the
precise population of the bend was seen to depend
on the length of the Aβ fragment,5,10,15,16 its very
existence implies that it may serve as the folding
nucleation site for the full-length Aβ peptide.9 It is
striking that the Italian, Arctic, Dutch and Iowa
familial mutants all involve mutations directly
preceding the 24–28 region. This raised the possibi-
lity that mutations in this region could affect folding
nucleation and, hence, the ability of Aβ to aggregate.
To further explore this idea, we recently performed
limited proteolysis and NMR experiments on
familial mutants of the Aβ(21–30) fragment.20

Analysis of the kinetics of proteolysis revealed
differences in the free energies of folding of the
mutant Aβ peptides relative to the WT peptide that
reached 2.6 kT (a N10-fold decrease in stability).
Decreased bend stability was accompanied by loss
of resonances in the NMR spectra corresponding to
increased K28 mobility and loss of E22–C-terminal
interactions. More importantly, decreased stability
correlated highly with increased oligomerization
propensity.
In the present work, we use replica-exchange mole-

cular dynamics (an enhanced sampling technique21–24)
to provide the first structural characterization of
the effect of the Italian, Arctic, Dutch, and Iowa
mutations on the bend. Our simulations reveal how
structural changes occurring as a result of familial
mutations affect the folding nucleation of the pro-
tein. We anticipate that changes in the monomeric
structure may affect the early stages of oligomeriza-
tion. Further structural changes to this bend likely
occur with increasing oligomer size25 and in the
context of the final fibrillar structure.26–29
Results and Discussion

The E22–K28 segment in the WT Aβ(21–30) pep-
tide adopts a bend motif. In an earlier publication,10
we used replica-exchange molecular dynamics
simulations to characterize the structural ensemble
populated by the WTAβ(21–30) peptide. The salient
features of that study are summarized below.



Table 2. Comparison between most populated clusters of
WT and mutant structures

Peptide
RMSD from
WT (Å)a

Probability of salt-bridge
formation (%)b

E22–K28 D23–K28

WT – 50 b1
E22K 0.57 – b1
E22G 0.45 – b1
E22Q 0.47 – b1
D23N 2.08 5 –
D23G 1.19 50 –

a Measured over the Cα of residues 22–28 and averaged over all
structures belonging to the most populated cluster (C1).

b A salt bridge between a pair of aspartate/glutamate and
lysine residues is considered formed when the distance between
their respective Cδ/Cγ and Nζ atoms is less than 4.5 Å.

Table 1. Percentage of structures that belong to the three
most populated clusters (C1, C2 and C3) for each peptide

Peptide

Population (%)

C1 C2 C3

WT 44 16 5
E22K 20 12 9
E22G 38 10 9
E22Q 33 8 8
D23N 24 16 6
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Details of the simulation methodology used for the
WTand mutant peptides are given in the Model and
Methods section.
The WT Aβ(21–30) peptide samples a number of

possible conformations at 300 K. Clustering (as
described in the Model andMethods section) reveals
that the peptide spends a majority of its time (44%)
in a preferred conformation, which we denote as
cluster C1. Other clusters are populated to a lesser
extent (16% in the case of the secondmost populated
cluster C2 and 5% in the case of the third most
populated cluster C3). The population of each
cluster is shown in Table 1.
A representative conformation belonging to the

two most populated clusters from the simulations
(C1 and C2) is shown in Fig. 1 for the WT peptide. In
the WT C1 structure, the predominant structural
motif involves a bend between residues 24–28. A
bend is defined as a region with high geometric
curvature such that the bond angle formed by the
three Cα atoms of residues i−2,i,i+2 is at least 70°.30

The C1 bend is stabilized by a network of hydrogen
bonds between the D23 Oδ atoms and the backbone
amide hydrogen atoms of residues 24–29. Hydrogen
bonds are considered present when the donor and
acceptor are within 3.5 Å and the donor–acceptor
hydrogen angle is b60°. A strong interaction between
side chains of D23 and S26 is observed (see below). A
salt bridge between a pair of aspartate/glutamate
and lysine residues is considered formed when the
distance between their respective Cδ/Cγ and Nζ

atoms is b4.5 Å. An E22–K28 salt bridge is present
within the WT (50% probability in the C1 cluster),
with the D23–K28 salt bridge populated to a much
smaller extent (b1% probability in the C1 cluster) (see
Table 2). The C2 WT conformations show a turn
rather than a bend structure, stabilized by a V24(O)–
N27(NH) backbone hydrogen bond. A turn is
defined as a region in which a hydrogen bond exists
between CO of residue i and NH of residue i+n.30

Our model of the folded Aβ(21–30) fragment satisfies
all interproton constraints available from our pre-
vious NMR study.9 It also readily explains the origin
of the anomalously high hydrogen-exchange protec-
tion factors observed for residues G25–K28 by
Maggio and collaborators in fragments Aβ(12–28)
and Aβ(10–35).31,32 Our simulations indicate that the
amide hydrogen atoms of these residues engage in
hydrogen bonds with the side chain of D23 and thus
get shielded from water. Since the C1 cluster is
significantly more populated than the other clusters
(for the WT, and as can be seen in the next sections;
for the mutants, see Table 1), we will focus the major
part of our analysis on the C1 cluster.
Mutations at position E22 do not affect the

structure of Aβ(21–30) and possibly leave the Aβ
folding nucleus unaltered. A similar clustering ana-
lysis as for the WTwas performed for the structures
obtained from the replica-exchange molecular dyna-
mics simulations of the E22 mutants. The popula-
tions of each cluster are given in Table 1. Our
simulations reveal that when residue E22 is mutated
(“E22X,” where X is K, G, or Q) there is very little
change in the structure of the peptide relative to the
WT. A representative conformation belonging to the
most populated cluster for each mutant is shown in
Fig. 1. Table 2 displays the probability of salt-bridge
formation between residues E22–K28 and D23–K28
in the mutants and in the WT sequence, as well as
the RMSD of each mutant from theWT C1 structure.
The RMSD from the WT C1 central structure is
b0.6 Å for each of these mutants. Each mutant has a
high percentage of structures in the most populated
cluster (C1) containing hydrogen bonds between
residue D23 Oδ atoms and backbone amide hydro-
gen atoms, which serve to stabilize the bend motif
present in the residue 24–28 region. Elimination of
the E22–K28 salt bridge by substitution of E22 by a
nonacidic residue (E22K, E22G, E22Q) preserves the
bend of the backbone in the V24–K28 region (Fig. 1),
indicating that it is primarily the hydrogen-bond
network involving the D23 side chain and the V24–
K28 backbone that stabilizes the bend and not the
E22–K28 salt bridge. Nevertheless, the fact that the
population of cluster C1 is significantly larger for
the WT than for the E22X mutants indicates that
the additional E22–K28 salt bridge in the WT helps
lock the V24–K28 bend in place, or equivalently, the
absence of salt bridges in the E22X mutants desta-
bilizes the bend, as seen in our earlier experimental
work20 and in simulations of E22Q.12,33 The inten-
sity of the E22–K28 contact in the most populated
cluster (C1) of the WT sequence drops from 67% to
b55% for the corresponding Q22–K28 contact of the
E22Q mutant (see Fig. 2a). This is accompanied by a
drop of 11% in the overall population of the C1



Fig. 2. Probability map of side-
chain contact formation obtained in
the present work for the main
cluster C1 of Aβ(21–30)WT (bottom
right quadrant) and (a) E22Q
(Dutch) mutant (upper left quad-
rant) and (b) D23N (Iowa) mutant
(on the upper left quadrant). A
contact between two side chains is
considered formed when any atom
of one side chain is within 4.5 Å of
any atom of another side chain. Hα

atoms were considered in the ana-
lysis of glycine residues. The axes

correspond to the residues in the Aβ(21–30) peptide. The darker the square on the plot, the higher the probability of side-
chain contact formation (see grayscale). Themain effect of the E22Qmutation is to reduce the intensity of the 22–28 contact
from 67% in the WT to 55% in the mutant. Consequently, the total amount of structuring in the middle part of the peptide
is also reduced, with the population of the folded C1 conformation dropping from 44% in WT sequence to 33% in the
mutant. Other E22X mutants studied in this work display similar behavior. In contrast, the D23N mutant displays a
different pattern of inter-residue contacts.
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cluster upon mutation. The other E22X mutants
yield similar data. Our results suggest that the effect
of E22X mutations on Aβ self-assembly is not linked
to an altered folding nucleation of Aβ. Indeed, the
most populated clusters of the E22X mutants are
almost identical in backbone structure to that of the
WT peptide. We hypothesize that the E22X muta-
tions have long-range effects, i.e., effects on other
parts of the full-length peptide or intermolecular
interactions, and affect peptide assembly in this
manner. This idea is supported by our recent simu-
lations on the Aβ(15–28) peptide,15 in which we
observe that the E22Q mutation does not affect the
24–28 folding nucleus of the peptide, but rather the
ability of the residues preceding residue 22 to adopt
a β-strand conformation, which facilitates deposi-
tion of the peptide onto preexisting fibrils.
Mutation at position D23 alters the structure of the

Aβ(21–30) peptide and possibly affects Aβ folding
nucleation. Mutating the aspartate residue at posi-
tion 23 dramatically changes the structures pre-
sent in the most populated cluster. A representative
structure belonging to the most populated cluster
for the D23N mutant is shown in Fig. 1. The D23N
mutant is found to have a turn between residues 24
and 27 stabilized by a backbone hydrogen bond
between V24(NH) and N27(O) (Fig. 1). This hydro-
gen bond is found in 82% of the structures belonging
to the most populated cluster (C1) of D23N. The
RMSD from the WT C1 central structure is 2.08 Å, a
significant increase over the values reported for the
E22X substitutions studied (Table 2). Two possible
hydrogen bonds can be formed involving the side
chain of residue N23 and the peptide backbone of
residues 24–29, Oδ–NH andNHδ–O. However, these
hydrogen bonds are formed in very few of the D23N
C1 structures. Furthermore, hydrogen bonding
between the side chain of residue E22 and the
peptide backbone was analyzed; however, none is
observed in the D23N mutant or the WT. The C1
structure of the D23N mutant is significantly diffe-
rent from that of the typical WTstructure. In fact, not
even the less populated clusters of D23N adopt a
configuration similar to that of C1 of the WT pep-
tide. The second most populated cluster of the WT
and the third most populated cluster of the E22K
and E22G mutants, on the other hand, contain a
hydrogen-bonded turn structure similar to C1 of
D23N. Our results suggest that the Iowa D23N mu-
tation may affect aggregation by altering the folding
nucleation of Aβ. The difference in folding between
Aβ(21–30) WT and the D23N mutant is highlighted
in the contact map shown in Fig. 2b. In contrast to
the E22X mutants (such as the E22Q mutant shown
in Fig. 2a), the Iowa mutant displays a pattern of
contact formation completely different from that of
WT. Rather than being tightly folded around the
D23 central part of the peptide, the D23N mutant
exhibits a strong preference for forming contacts
between K28 and the three-residue segment A21-
E22-N23. This segment directly precedes residue
V24 in sequence space, a residue that forms a strong
contact with residue N27. As mentioned earlier, this
pair of residues shares a hydrogen bond between
their backbone atoms that helps stabilize the β-turn
structure, the dominant structural motif in the
conformational ensemble of the mutant peptide.
The E22 salt bridge in the WT bend may enhance

bend stability. Although no difference was seen bet-
ween the backbone structures of the WT and E22X
mutants, salt-bridge formation in the E22X mutants
may affect conformational dynamics in two ways.
First, the presence of the salt bridge provides
additional stabilization of the configuration already
stabilized by side chain–backbone hydrogen bonds,
effectively “locking” the bend in place. In contrast to
the synthetic addition of a D23–K28 lactam bridge to
Aβ(1–40), which irreversibly locks in a monomer
structure that promotes fibril formation,34 the E22–
K28 salt bridge could provide additional stabilization
to a structure that is resistant to aggregation. The
observed bend structure in the WTmust presumably
rearrange itself to produce a conformer able to form
fibrils.27–29 This could lead to a slower aggregation
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rate for the WT. Additionally, whereas in the WT C1
structures, E22 is involved in a salt bridge with K28,
residue 22 of the Italian, Arctic, and Dutch mutant is
more readily available for interaction with residues
other than K28, as well as intermolecular interactions
that may promote aggregation.
Fig. 3. Plot of the running average C1 population for
Aβ(21–30)WT. Data for two independent replica-exchange
trajectories are presented. The average resulting from
combining the two trajectories is also shown. The pop-
ulation levels stay approximately constant over 30 ns
averaging time.
Model and Methods

All-atom explicit models of protein and solvent were
used to model the conformations of Aβ(21–30) in water.
The bulk of all simulations were performed using the
OPLS/AA35 force field for the peptide and TIP3P36 model
for the solvent. All simulations were performed using the
GROMACS software package,37,38 following the replica-
exchange protocol described in our earlier work on the
WTAβ(21–30) peptide.10 To mimic the environment of the
fragment within the context of the full-length Aβ peptide
and eliminate conformational artifacts due to interacting
charged termini, we capped the N- and C-termini in all
peptides considered by acetylation and carboxamidation,
respectively. Charged systems were neutralized by adding
a sodium ion (WT) or a chlorine ion (E22K). Forty replicas
of the original system were exponentially spaced between
300 and 600 K. Acceptance ratios for exchange between
replicas at neighboring temperatures ranged from 15%
to 30%. Covalent bonds in water molecules were kept
constant using the SETTLE algorithm39 and those invol-
ving hydrogen atoms in the peptides were constrained
according to the LINCS algorithm.40 The protocol of Nose-
Hoover41 with the 0.05-ps time constant was used to
maintain constant temperature in all our simulations. The
total equilibrium sampling time in our simulations ranged
between 30 and 40 ns. A total of 60,000–80,000 structures
were generated per replica per simulated peptide. Struc-
tures recorded at T=300 K were used in the structural
analysis. When dealing with large pools of conformations,
it is important to determine what these conformations
have in common. To test the possibility that common
structural elements may not span the entire length of the
peptide, we implemented the following structuring
strategy. We assume that a structural motif of length M
exists in all conformations of a peptide of length NNM. In
this case, clustering over shorter segments SbMwithin the
motif should be successful and reveal a highly populated
conformation, the one that belongs to the motif, while
clustering over segments that include residues from
outside of the motif should produce broad distributions
of conformations with no dominating structure. Varying
the length of the test segment S allows one to locate
structured parts in a diverse pool of conformations as well
as determine their size (how many residues they
encompass). We used this clustering strategy in our
previous work16 to analyze structural preferences of
Aβ(10–35) fragment. In the present work, we applied
this strategy to analyze Aβ(21–30)WT and all its mutants.
We start with a small size S=5 and find all consecutive
segments of this size contained in Aβ(21–30). We cluster
conformations of these segments according to the Gromos
algorithm42 and using RMSD among Cα as a measure of
structural similarity. Clustering reveals regions with high
and low extent of structuring. Highly structured regions
are further tested with increasing values of the segment
lengths. We continue increasing S until the longest
structural motifs are found. As an illustration of how
our technique works, we find that populations P of five-
residue segments for the WT sequence are P=21% for
AEDVG, P=45% for EDVGS, P=34% for DVGSN, P=20%
for VGSNK, P=12% for GSNKG and P=4% for SNKGA.
Clearly, the best candidate for the structured motif in
Aβ(21–30) is in the central seven-residue segment
EDVGSNK, while both C- and N-terminal segments are
disordered. Clustering over the residues of this segment
reveals that it does occupy a single predominant
conformation (shown in Fig. 1) with a population
frequency of 44%. The highest-populated cluster C1 for
all Aβ(21–30) mutants reported in this work were
determined in a similar manner.

Convergence test

The major goal of this study was to determine occu-
pation numbers of the most structured part in Aβ(21–30)
peptide and to compare these numbers among Aβ(21–30)
mutants. The accuracy of these numbers thus is of central
importance. To improve conformational sampling in our
simulations and monitor the degree of convergence in the
data, two independent trajectories were obtained for WT
sequence and each mutant. The trajectories were run
between 15 and 20 ns, depending on the system. The first
two nanoseconds were considered as the equilibration
period and not included in further analysis. Trajectories
were first analyzed independently to test if they con-
verged to the same most populated structure. For all
systems reported here, they did. Second, trajectories were
concatenated to yield better statistics. To monitor conver-
gence trends, population of the most populated cluster C1
was computed as a running average for the two inde-
pendent trajectories as well as for the combined trajectory.
Figure 3 shows these averages for the WT sequence. It is
seen that in trajectory 1, the population of C1 rapidly
reaches 40% after about 3 ns of simulation time and it stays
at this level through the remainder of the simulation. In
trajectory 2, the population rapidly increases to 30% at 3 ns
of simulation time, stays at this level until about 10 ns and
then gradually increases to about 40% in the last 5 ns of the
simulation. For the combined trajectory, population of
cluster C1 remains almost constant over more than 30 ns
of simulation time, indicating that sufficient convergence
in conformational ensembles has occurred. To rule out the



Fig. 4. Probability map for side-chain contact formation obtained for Aβ(21–30) using (a) OPLS/AA35/TIP3P36

combination, (b) GROMOS96 G43a43/SPC44 combination and AMBER99SB45/TIP3P combination. Here, the contact
maps are calculated using all the structures from each simulation. Only heavy atoms of the side chains were considered in
computing the probabilities. A contact was assumed formed when any two atoms of a pair of side chains were separated
by 6 Å or less. Differences are seen among the maps, but all three are dominated by the contacts of D23 with S26 and
neighboring residues, which drive the formation of the EDVGSN bend.
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possibility that averaging over nonequilibrium ensembles
is performed in the initial parts of both trajectories, block
analysis was performed. The fact that populations tend to
reach plateaus after about 3 ns of simulation time indicates
that the relaxation time τ of our system under each given
condition is roughly of the same order of magnitude.
Averaging over τ periods should therefore produce quali-
tatively similar results as averaging over the entire tra-
jectory. To test if this is the case for the studied systems, the
combined (concatenated) trajectory was split into 10 non-
overlapping periods, each approximately 3 ns long. The
most populated conformations were determined for each
period and analyzed. These conformations were seen to
belong to the C1 cluster with the population averaging to
44%. Splitting of the trajectories allows us to estimate the
error in the C1 population through the standard deviation,
assuming that the consecutive parts are statistically inde-
pendent. This yielded errors of 1.59% for theWT, 0.95% for
E22K, 1.26% for E22G, 2.83% for E22Q and 2.72% for
D23N.
Effects of force fields and solvent models

In addition to satisfactory convergence, another critical
component of a simulation study is the accuracy of the
model employed. The WT Aβ(21–30) peptide and the
OPLS/AA force field used in this study, in combination
with the TIP3P water model, yield good agreement with
structures derived experimentally.10 However, no experi-
mental structures are available for the mutant systems
investigated. We therefore evaluate the performance of the
OPLS/TIP3P combination compared to other force field/
solvent models. To estimate how the main results reported
in this study are affected by different force fields/solvent
models, we consider the Aβ(21–30) peptide with charged
termini, investigated by our group previously.10 Two more
force field combinations are tested: GROMOS96 G43a1
united-atom force field (G)43 combined with the SPC water
model44 andAMBER99SB (A)45,46 force field in combination
with the TIP3P water model.36 Both force fields are used
widely and their strengths and weaknesses have been
discussed previously.47

The setup of simulations A and G is similar to what was
used in our previous study.10 Forty replicas were spaced at
temperatures between 300 and 600 K. A total of 36 ns of
equilibrium sampling time was collected for the G set and
58 ns for the A set. The block-clustering technique des-
cribed above was used to analyze conformations recorded
in these simulations. Both Gromos and Amber force fields
generate conformations with the highest degree of
structuring observed in their central seven residues. The
two most structured segments EDVGS and DVGSN are
seen to be populated to a lesser extent thanwhen the OPLS
force field is used (14% in the G setup and 15% and 17%,
respectively, in the A simulation setup). In all force fields,
the EDVSGN segment adopts bend and turn configura-
tions, but their mutual RMSD is ∼2 Å. This is to be ex-
pected because bends and turns are not as rigid as other
secondary structures (e.g., helices), as they are stabilized
by a smaller number of hydrogen bonds. The contribution
of these bonds to the overall system energetics differs
among force fields; thus, variations in the final structures
should be observed. However, the interactions that drive
formation of structure in all three force fields are similar.
Interactions occurring among side chains in Aβ(21–30) as
seen in our simulations using OPLS, Gromos and Amber
force fields are illustrated in Fig. 4, which shows side-
chain contact maps. The maps were computed for heavy
atoms only, to be consistent with the Gromos force field,
using a 6 Å cutoff for a contact. All three maps confirm our
conclusion that structuring in Aβ(21–30) occurs primarily
in the central EDVGSN segment but that the extent of the
structuring is strongest for the OPLS force field. There are
significant variations in the contact intensities among three
force fields, especially in the contacts formed by terminal
residues. All three maps, however, have one element in
common; the side chain of D23 interacts with the side chain
of S26 (and with backbone atoms preceding this residue)
and drives formation of the EDVGSN bend. The intensity
of this contact varies among the force fields. It is strongest
in OPLS simulations and extends further along the
sequence to include N27 and K28 side chains. This contact
is weakest in the Amber simulations. A strong D23–S26
contact was also reported in a recent NMR study on
Aβ(21–30).48 Based on the data presented in Fig. 4, it is
clear that the OPLS/TIP3P force field/solvent model
combination produces results qualitatively similar with
those obtained using other popular force fields. Our
conclusion, therefore, is that the results presented in this
work for Aβ(21–30) peptide and its mutants are not very
sensitive to the particular choice of the force field.
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